Telomeric DNA binds proteins to protect chromosome ends, but it also adopts G quadruplex (GQ) structures. Two new studies by Hwang and colleagues (in this issue of Structure) and Ray and colleagues (published elsewhere) use single molecule imaging to reveal how GQs affect the binding of different telomere associated proteins. The data suggest that GQs play important roles in regulating accessibility of telomeres.
Telomeres are highly specialized DNAprotein complexes at the ends of linear chromosomes. They end in a guaninerich 3 0 single strand overhang with repetitive sequence motifs (G overhangs). The precise telomeric sequences and typical lengths of these overhangs vary in different eukaryotic species. In humans, G overhangs are about 50-200 nucleotides long and consist of TTAGGG repeats ( Figure 1A) .
Telomeres protect the chromosome ends from degradation by nucleases, prevent the DNA damage response that is triggered by DNA ends or exposed single stranded DNA, and ensure proper replication of the chromosome ends. These different functions are achieved by the interactions of telomeric DNA with a variety of protein factors. Protection of telomeres 1 (POT1) is a component of the six subunit shelterin complex and directly recognizes single stranded TTAGGG repeats. Shelterin prevents activation of the DNA damage response through ATM and ATR, regulates the elongation of telomeres by telomerase, and leads to the dynamic formation of T-loop structures (Denchi and de Lange, 2007) . Other factors include RecQ-like helicases, such as the Werner syndrome associated helicase WRN, that are required for efficient replication of G-rich telomeric DNA (Crabbe et al., 2004) . Telomeres are substrates for DNA doublestrand break factors, if not properly shielded, and single strand binding proteins such as replication protein A (RPA) and Rad51. RPA binding can trigger the ATR dependent DNA damage response, while Rad51 can initiate homologous recombination events. The latter plays a role in the alternative lengthening of telomeres (ALT) pathway, which is telomerase independent (Nabetani and Ishikawa, 2011) . The critical role of ALT and telomerase dependent pathways in cancer cells makes the molecular choreography of the telomere-associated proteins an important biomedical topic.
In addition to regulating telomeres via specific protein interactions, G overhangs are also prone to form G quadruplexes (GQs). GQs are four-stranded nucleic acid structures that arise at G-rich DNA or RNA sequences (for a review see, e.g., Zhang et al., 2014) . Hereby, four G-tracts assemble into stacked G-tetrads by Hoogsteen interactions and central monovalent cations ( Figure 1A ). The ability of G overhangs to bind specific protein factors and fold into complex DNA structures not only raises interesting questions regarding the dynamics and structures of functional states at telomeres, but the increased conformational complexity and the interplay between DNA folding and protein binding also poses challenges for biochemical analyses.
Fluorescence resonance energy transfer (FRET) techniques emerged over the past decade as an extremely powerful tool to analyze nucleic acid structures and protein-nucleic acid interactions. FRET imaging methods were used to study nucleic acid-associated molecular motors and helicases (Myong et al., 2007) , but also the formation of telomeric GQs (Ying et al., 2003) . Two parallel studies by Hwang et al. (2014; in Both laboratories designed TTAGGG repeat containing DNA substrates that allow the monitoring of GQ formation and unfolding via changing FRET efficiencies ( Figure 1B) . With this approach, they could not only reveal the dynamics of GQ structures as a function of repeat numbers, but also the competition of GQs with the binding of telomere associated proteins. Using overhangs between four and eight TTAGGG repeats, Hwang et al. (2014) found that more than four repeats resulted in multiple GQ conformations, suggesting that different types of GQs are transiently formed between adjacent G tracts. GQs can adopt different topologies as a function of the types and concentrations of the monovalent cations as well as the repeat sequences (Zhang et al., 2014) . Transient formation of alternative GCs as revealed from the FRET traces are in line with atomic force microscopy studies that showed that long G overhangs have both folded and nonfolded repeats (Wang et al., 2011) . Interestingly, four and eight repeats-resulting in one and two GQs-yielded low accessibility for Rad51 and the RecQ helicases WRN and BLM, whereas other numbers of repeats resulted in increased binding. The shelterin component POT1, however, bound proficiently to all numbers of repeats tested. These data show that POT1 is able to unfold GQs, whereas nonshelterin factors required exposed single-strand regions to bind. Ray et al. (2014) studied the competition between the POT1:TPP1 (POT1 interacting protein 1) complex and replication protein A (RPA) for access to GQs. They found that POT1, supported by TPP1, can unfold antiparallel but not parallel GQs at physiological potassium concentrations. Interestingly, Ray et al. (2014) found that RPA can unfold GQs even in subphysiological concentrations, in contrast to WRN, BLM, and Rad51 in the study of Hwang et al. (2014) . Perhaps a much higher affinity of RPA for single stranded DNA is sufficient to compete with GQ folding, or perhaps a different binding mode of RPA helps unfolding. In any case, Ray et al. (2014) analyzed the binding of RPA in the presence of POT1 and TPP1 and found that the POT1:TPP1 complex efficiently blocks RPA binding to both folded and unfolded G overhangs. These data suggest that GQ formation and shelterin efficiently collaborate to deal with the vast surplus of RPA in the nucleus and prevent activation of the RPA-ATR damage-signaling axis at G overhangs. It will be interesting to see how, e.g., the telomere associated CST (CTC1-STN1-TEN1) complex, which is related to RPA and plays important functional roles in telomere end formation (Chen et al., 2012) , behaves in these analyses.
The two new studies paved a way to address the molecular choreography of telomere DNA and proteins on a single molecule level. The data suggest that GQs are not merely a functionally irrelevant feature of the G overhangs, but, in fact, are important elements in regulating accessibility of nonshelterin proteins to G overhangs. The power of the FRETbased single molecule imaging methods comes from their ability to extract information about different states of the G overhangs and their conversion over time from a large number of individual FRET traces. Together with other new and exciting imaging methods that address the structure and dynamics of physiological telomeres (Doksani et al., 2013; Wang et al., 2011) , we therefore move from static to dynamic pictures of telomeres at high resolution. Because GQ structures play functional roles not only at telomeres but, e.g., also in gene regulation and viral life cycles, the approaches utilized here have great potential for the study of possible interactions of other GQ structures with proteins. Thus, single-molecule techniques continue to break new ground in the rich world of proteinnucleic acid interactions. 
